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UV–Vis spectroscopyWe demonstrated that the magnetic polyaniline/maghemite nanocomposite (Pani/c-Fe2O3 MNC) is an
efﬁcient agent for retrieval of pure double stranded deoxyribonucleic acid (dsDNA) chains from
aqueous solutions. The dsDNA chains used in the retrieval experiments were of sodium salt of Salmon
Sperm DNA. Based on k = 260 nm absorption measurements, we have employed UV–Vis spectroscopy to
estimate the concentration of DNA present in solutions, before and after the interaction with the MNC.
The best results corresponded to a maximum amount of 75.2 mg of DNA absorbed per gram of MNC
reached within only 10 min of joint exposure into the aqueous solution. After magnetic separation of
the fully DNA-loaded Pani/c-Fe2O3 MNC, we achieved essentially complete DNA desorption by
appropriate changes in the pH of the solution. We have shown that it is possible to recycle the use
of these MNC in several adsorption–desorption cycles. By comparing the present results to those of
other DNA retrieval systems reported in the literature, we argued that the Pani/c-Fe2O3 MNC here
described represent a promising low-cost material for use as a fast, simple and efﬁcient method of
DNA separation and concentration.
 2014 Elsevier Inc. All rights reserved.1. Introduction
Currently, magnetic nanoparticles (MNPs) are widely used in
biotechnology and biomedicine, in applications such as protein
immobilization [1,2], drug delivery [3,4], catalysis [5,6] and bio-
separation [7]. Also, and closer to our ﬁnal interests, the physical
isolation, retrieval and subsequent concentration of DNA are
procedures of great relevance as ﬁrst step in many diagnoses
processes [8].
Most of the conventional methods and protocols for DNA
separation require several stages for their implementation, such
as precipitation, centrifugation, ﬁltration, and chromatographic
separations [9]. Phenol–chloroform extraction, usually followed
by characterization using gel electrophoresis, is a good example
of these standard procedures for DNA separation [10,11]. In the
recent years, separation of DNA adsorbed on magnetic mesoporoussilica nanoparticles has found increasing use as a technique for
DNA retrieval. As a simpler and not time consuming procedure,
which not only is inexpensive but also does not require the use
of toxic chemical solvents, this methodology presents several
advantages when compared to conventional extraction methods
[12]. In essence, the magnetic separation is attained after adding
MNPs to the solution containing the target molecule and allowing
enough time for the interaction between the target molecules and
the MNPs to occur. Subsequently, the MNPs are spatially conﬁned
by the application of a non-uniform external magnetic ﬁeld, result-
ing in the concentration of the target molecules that continue to be
attached to the MNPs.
The MNPs most used to this end are magnetite (Fe3O4) and
maghemite (c-Fe2O3), due to their high saturation magnetization,
low toxicity and biological compatibility [13,14]. However, the
use of pure iron oxide particles has as a drawback the tendency
of these MNPs to form agglomerates, and so it is usually necessary
to modify the surface of the particles to prevent the self-
aggregation [15]. Furthermore, in this process one can attach to
the MNP functional groups that can selectively interact with the
target molecules [16,17].
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surface of the MNPs are mesoporous silica [18], polyethylenimine
(PEI) [19], amino-modiﬁed silica [20], streptavidin [21], thiol func-
tionalized PAMAM dendron [22] and carboxyl groups [9]. Other
materials that have attracted attention are conducting polymers
such as polypyrrole and polyaniline (Pani), due to their low cost
of synthesis, biocompatibility, special electrical and optical proper-
ties, and excellent environmental stability [23]. They also have
been used in biomedical applications, mainly for the immobiliza-
tion of biomolecules and biosensors [24,25]. Although the use of
conducting polymers for DNA adsorption has been discussed
before, few of these reports describe the use of hybrid materials
where conducting polymers form composites with MNPs. In this
paper, we present results of an initial investigation of how to use
Pani-modiﬁed c-Fe2O3 NPs for the efﬁcient retrieval of double
stranded DNA molecules from aqueous solutions.
We have synthesized the maghemite MNPs by following a co-
precipitation method, and later we used them to prepare the
Pani/c-Fe2O3 MNC after the emulsion polymerization of aniline.
We characterized the size, morphology, composition and magnetic
properties of the NPs and the Pani/c-Fe2O3 MNC by Transmission
Electron Microscopy (TEM), Dynamical Light Scattering (DLS),
and Fourier Transform Infrared (FTIR) spectroscopy and magneti-
zation measurements. We used UV–Vis spectroscopy to investigate
the capacity of the Pani/c-Fe2O3 MNC for DNA retrieval and
desorption, and to estimate their degree of reusability after several
recycling processes. Finally, we have used zeta potential measure-
ments as a preliminary manner of assessing the microscopic mech-
anisms that are responsible for the MNC/DNA interaction. Our
results indicate that the Pani/c-Fe2O3 MNC represent a promising
low-cost reusable material for fast, simple and efﬁcient DNA sepa-
ration and concentration.2. Materials and methods
2.1. Materials
Iron chloride tetrahydrate (FeCl24H2O, Sigma Aldrich, USA) and
iron (III) chloride hexahydrate (FeCl36H2O, Dinâmica, Brazil) were
used as iron sources for the preparation of c-Fe2O3 NPs, and ammo-
nium hydroxide (NH4OH, Dinâmica, Brazil) was adopted as precipi-
tant. Aniline (Nuclear, Brazil), ammonium persulfate (APS, Sigma
Aldrich, USA), sodium dodecyl sulfate (SDS, Sigma Aldrich, USA),
and HCl (Dinâmica, Brazil) were used for the synthesis of Pani.
Sodium salt of Salmon Sperm DNA (SS-DNA) was purchased from
Sigma Aldrich. All reagents were used without further puriﬁcation,
with exception of aniline, which was distilled under vacuum prior
to use.2.2. Synthesis of c-Fe2O3 nanoparticles
The c-Fe2O3 NPs were prepared by a slight modiﬁed version of
the chemical co-precipitation method described in Ref. [26]. The
process can be detailed as follows: 50 mL of FeCl24H2O and FeCl3-
6H2O solutions was prepared with a molar ratio of 1:2, and then
mixed in a 250 mL round-bottom ﬂask under vigorous stirring
for 10 min. After that, 125 mL of an aqueous solution of NH4OH
(50 vol%) was added quickly; the resulting solution was stirred
for 2 h, when the freshly formed NPs were decanted with the help
of a handheld magnet. Subsequently, the material was washed
with deionized water, and the magnet used to once more decant
the c-Fe2O3 NPs. This process was repeated four times to minimize
the contamination by any non-magnetic impurity. Finally, the NPs
were dried in a vacuum oven (60 C) for 48 h, when a brown pow-
der was obtained.2.3. Synthesis of Pani/c-Fe2O3 magnetic nanocomposite
To obtain the Pani/c-Fe2O3 MNC, we carried out the polymeri-
zation in a 250 mL round-bottom ﬂask, adding 100 mL of a HCl
solution (0.1 M), SDS (60.7 mM), c-Fe2O3 NPs (0.06 g) and aniline
(1.5 mM) to the ﬂask and stirring for 15 min. After that, 20 mL of
a 0.1 M of HCl and 1.5 mM of APS were slowly added to initiate
the polymerization process. The polymerization was allowed to
proceed for 24 h at room temperature, under stirring. The resulting
green solution was washed several times with methanol and
deionized water. The product obtained was magnetically decanted,
washed with HCl (0.1 M) (to assure the acidic doping of the Pani),
and dried in a vacuum oven at 40 C for 24 h, when ﬁnally a dark
green powder was obtained.
2.4. Characterization methods
The c-Fe2O3 NPs and Pani/c-Fe2O3 MNC were characterized by
TEM, FTIR spectroscopy and magnetic measurements. The TEM
micrographs were obtained using the Tecnai20 (FEI, USA) micro-
scope operated at an acceleration voltage of 200 kV. FTIR spectra
of the samples of interest were obtained in the 4000–400 cm1
range by using pressed KBr pellets in an IFS-66 (Bruker, USA) spec-
trophotometer. Magnetization curves were kindly determined by
Prof. A. Ricalde (Department of Physics, Universidade Federal de
Pernambuco, UFPE) by the use of a EV7 vibrating sample magne-
tometer (MicroSense, USA). Values of the zeta potential and the
hydrodynamic size based on electrophoretic mobility and dynamic
light scattering, respectively, were obtained by using a Zetasizer
Nano ZS90 (Malvern, United Kingdom). The DNA concentration in
solution was determined by using a FEMTO 80 MB UV–Vis spectro-
photometer (Cirrus, Brazil).
2.5. DNA retrieval experiments
In all DNA retrieval experiments, we started by taking 10 mL of
a 50 mg/L sperm salmon DNA solution that was placed in a glass
ﬂask. An orbital shaker operating at 230 rpm was used to achieve
a good interaction between the MNC and DNA. After magnetic
decanting the MNC, we determined the DNA concentrations by
measuring the corresponding 260 nm absorbance. The magnetic
decanting was achieved by the use of a rectangular handheld 1 T
magnet (Fig. 1). All experiments were performed in duplicate and
we report the corresponding average values.
By using different doses of MNC (1 mg, 2 mg, 3 mg and 4 mg) in
10 mL of a 50 mg/L SS-DNA, we examined the capacity of the Pani/
c-Fe2O3 MNC for DNA retrieval as a function of the interaction time
(5, 10, 30, 60, 120, 180 and 240 min). Also, we have studied the
adsorption capacity of the MNC as a function of the concentration
(we worked with 5, 7.5, 10, 12.5, 15, 20, 25, 30, 40 and 50 mg/L) of
SS-DNA in the solution.
The degree of DNA adsorption on the MNC was estimated as
% Adsorption ¼ C0  Ce
C0
 100 ð1Þ
where C0 and Ce are the initial and ﬁnal DNA concentration (mg/L)
in the solution, respectively.
As a surface-based process, adsorption is a consequence of min-
imization of the surface energy of the particles. Naturally, the exact
nature of the DNA/MNP bonding depends on the details of the spe-
cies involved. For a better understanding of the process, we con-
structed adsorption isotherms by ﬁtting our data to the Langmuir
and Freundlich models [27,28]. The adsorption capacity of the
MNC was calculated as
qe ¼
VðC0  CeÞ
m
ð2Þ
Fig. 1. Schematic diagram of different steps involved in the procedure used to achieve DNA retrieval and desorption.
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V is the volume of the solution, C0 is the initial (mg/L) concentration
of the DNA solution, Ce is the equilibrium concentration of DNA
solution (mg/L), and m is the mass (in g) of the MNC used.2.6. Desorption and reusability experiment
For the desorption experiments, we started with 10 mL of a
50 mg/L DNA solution and added the MNC. After waiting for their
complete saturation with SS-DNA (i.e., after the 260 nm absor-
bance of the solution was stabilized), small volumes of a 0.1 M
NaOH solution were added so as to weaken the electrostatic inter-
action between the double stranded DNA and the Pani chains. After
each addition of NaOH, we stirred the solution before performing
pH and absorbance measurements. In this manner, when the pH
of the medium becomes neutral one would expect maximum
desorption from the previously DNA-loaded MNC.
To test whether or not the Pani/c-Fe2O3 MNC could be repeat-
edly utilized in several retrieval events, we submit them to several
DNA load/desorption cycles. At the end of the desorption experi-
ment, we magnetically recovered the MNC, washed them with
deionized water and then used 0.1 M HCl to once more dope the
polymer (i.e., to bring it to its fully active form). Finally, the cycle
was completed by adding the now acidic MNC to 10 mL of a fresh
50 mg/L solution of DNA and again measuring the absorbance at
k = 260 nm.3. Results and discussion
3.1. Characterization of c-Fe2O3 NPs and Pani/c-Fe2O3 MNC
We used TEM to assess the size and the morphology of the c-
Fe2O3 NPs and the Pani/c-Fe2O3 MNC. In the TEM micrograph
shown in Fig. 2a, one can observe that the c-Fe2O3 NPs exhibit
nearly spherical morphologies with individual sizes in the nano-
scale range. The particle size distribution was obtained by using
the ES Vision software version 5.0 [29] to estimate the diameter
of each one of 300 c-Fe2O3 NPs, as depicted in several TEM micro-
graphs. After the particle diameters were plotted as a histogram
(Fig. 2c), we have found that the c-Fe2O3 NPs have a size distribu-
tion of 5.5–28.0 nm, with an average diameter value of
(14.0 ± 7.5) nm.In the case of the TEM micrograph of the Pani/c-Fe2O3 MNC
(Fig. 2b), at ﬁrst it was not possible to directly observe the Pani
in the MNC since polymers usually have low electron densities.
Hence, we had to use OsO4 as a contrast agent [30]. After staining
the polymer, it became possible to observe the presence of a pat-
tern of repeating dark and light regions. The dark regions may have
one or more c-Fe2O3 NPs, while the lighter regions correspond to
the Pani. To be sure of the presence of c-Fe2O3 NPs in the MNC,
we have made an EDS analysis (inset of Fig. 2b) that conﬁrmed
the presence of Fe and O in the sample. The micrographs revealed
that not only the Pani chains enveloped the c-Fe2O3 NPs but also
that the size of the Pani/c-Fe2O3 MNC was in the nanoscale. Pani/
c-Fe2O3 MNC have diameters ranging from 50 nm to 142 nm with
an average diameter value of (87 ± 32) nm, as determined from DLS
measurements (Fig. 2d).
For a more quantitative assessment of the magnetic behavior of
the c-Fe2O3 NPs and of the Pani/c-Fe2O3 MNC, the corresponding
magnetization curves were determined (Fig. 3). It was found that
the c-Fe2O3 NPs exhibit a superparamagnetic behavior at room
temperature with a saturation magnetization (Ms) of 60 emu/g
(curve a). It was also observed that the Ms of the Pani/c-Fe2O3
MNC (30 emu/g) is lower than that for the c-Fe2O3 NPs (curve b).
This observed decrease in the value of Ms is consistent with the
fact that, while magnetization measurements take into account
the total mass of the sample, the Pani chains do not contribute to
the ﬁnal Ms value.
We performed FTIR analysis as an auxiliary technique to deter-
mine the composition of the c-Fe2O3 NPs and Pani/c-Fe2O3 MNC
samples (Fig. 4). We have found that the Pani/c-Fe2O3 MNC spec-
trum (curve a) displays the same characteristic peaks observed in
pure Pani samples (curve b) and in the c-Fe2O3 (curve c) spectra.
The results can be taken as evidence of the presence of the two spe-
cies (iron oxide and Pani) in the MNC, as follows: (i) the peak at
3420 cm1 corresponds to the NAH stretching vibration of polyan-
iline [31], (ii) the bands at 2919 cm1 and 2850 cm1 may be
attributed to the symmetric and asymmetric stretching of the
ACH2A groups, respectively [32], (iii) the peaks at 1566 cm1
and 1482 cm1 are due to C@C stretching of the quinoid and ben-
zenoid rings, respectively, while the peak at 800 cm1 is attributed
to CAH out of plane deformation in the benzenoid ring [33], (iv)
the peaks at 1295 cm1 and 1242 cm1 are related to CAN stretch-
ing vibration of the benzenoid ring [34], and, ﬁnally, (v) the peaks
at 636 cm1 and 585 cm1 are due to FeAO vibrations [35].
Fig. 2. TEM micrographs of c-Fe2O3 NPs (a) and Pani/c-Fe2O3 MNC (b). Inset: EDS spectrum of the MNC. Histogram of the particle size of the c-Fe2O3 NPs obtained after
estimating the diameter of 300 particles depicted in several TEM micrographs (c) and histogram of the particle size of the Pani/c-Fe2O3 MNC obtained through DLS (d).
Fig. 3. Room temperature magnetization curves of c-Fe2O3 NPs (a) and Pani/c-
Fe2O3 MNC (b).
Fig. 4. FTIR spectra of Pani/c-Fe2O3 MNC (a), Pani (b) and c-Fe2O3 NPs (c). We
indicate the peaks that are most relevant to our discussion.
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3.2.1. Effect of interaction time and MNC dose
We examined the capacity of the Pani/c-Fe2O3 MNC of captur-
ing and removing DNA from aqueous solutions by introducing dif-
ferent amounts (1, 2, 3, and 4 mg) of the MNC in a ﬂask containing
10 mL of 50 mg/L solution of SS-DNA. After introducing the MNC
into solution, whenever necessary we adjusted the pH to 3.8, since
the electrostatic interaction between the Pani chains and the dou-
ble-stranded SS-DNA only occurs in an acidic medium (i.e., at pH
values near or less than 4). At varying exposure times, we magnet-
ically decanted the DNA-loaded MNC and measured the 260 nm
absorbance of the now DNA-depleted solution, so that with this
we could estimate the corresponding fractional adsorption as a
function of the interaction time (Fig. 5). In all cases examined,
we observed that, with increasing interaction time, the DNA
adsorption would increase until reaching a maximum, indicating
that then the MNC became completely saturated of DNA, i.e. the
system reached an equilibrium where the MNC cannot adsorb
more DNA from the solution. When we added 1 mg of the Pani/
c-Fe2O3 MNC, we observed that the removal process took longer,
since now a time of 180 min was required for the MNC to reach
its maximum adsorption (22%). On the other hand, by adding only
2 mg of MNC to the SS-DNA solution, the removal process
increased gradually so that the maximum adsorption capacity
(53%) was observed at 120 min of interaction time. A much faster
response occurred when we used higher doses of the MNC: for
the 3 mg and 4 mg cases, the adsorption increased quickly and,
in both instances, a waiting time of only 10 min was required to
reach the saturation values of the MNC, 60% and 64% of the nomi-
nal limit, respectively.
3.2.2. Effect of the concentration
In all further experiments described in this work we used 4 mg
of the Pani/c-Fe2O3 MNC, since this corresponds to a situation of a
fast interaction that only requires 10 min of interaction to capture
a large amount of the available DNA.
We have seen (Fig. 5) that when 4 mg of the Pani/c-Fe2O3 MNC
was added to 10 mL of a 50 mg/L SS-DNA solution, a maximum
retrieval of 64% of the nominal capacity was observed. To examine
how to approach the nominal 100% limit of retrieval, we exposed a
ﬁxed amount of 4 mg of the MNC to various SS-DNA solutions with
concentrations in the 5–50 mg/L and measured the correspondingFig. 5. Effect of interaction time on the DNA retrieval by the Pani/c-Fe2O3 MNC. For
1 mg (a), 2 mg (b), 3 mg (c) and 4 mg (d) of MNC added to 10 mL of a 50 mg/L SS-
DNA solution, at pH 3.8.degree of DNA capture. As one can observe from the data shown in
Fig. 6, full retrieval was achieved for the case of DNA solutions with
concentrations equal or below 25 mg/L. On the other hand, for
solutions with concentrations equal to 30 mg/L, 40 mg/L and
50 mg/L, nominal capabilities of 82%, 68%, 64% were registered,
indicating that the saturation limit of the MNC was reached before
they could remove all DNA chains present in the solution.3.3. Desorption experiments
We performed several experiments to investigate how the pro-
cess of DNA desorption from the Pani/c-Fe2O3 MNC would be
affected by changes in the pH of the solution. We began by adding
4 mg of Pani/c-Fe2O3 MNC to a ﬂask containing 10 mL of a 50 mg/L
SS-DNA solution (pH 6). After 10 min of interaction, the pH of the
solution had decreased to 3.8, and we estimated that the MNC had
captured 64% of its nominal capacity. Subsequently, we increased
the pH of the solution by adding small volumes of NaOH, and used
the absorbance measurements in 260 nm to estimate the fractional
capability of the MNC after each addition. In Fig. 7 we present these
results as the percent of DNA desorbed as a function of the pH of
the system. One can easily observe that initially (i.e., for pH values
between 3.8 and 6.2) the desorption process is slow: only 45% of
the captured DNA were released at a pH = 6.2. However, the rate
of desorption increases drastically after that, and 96% of the DNA
were now again dissolved in the solution when the pH reached
the value of 7.0.
It is easy to understand this behavior. In an acidic environment,
the protonated Pani chains have several positively charged active
sites that can interact with the laterally positioned negative phos-
phate groups in the DNA double-chains. After the addition of
NaOH, however, these sites become deprotonated, leading to a
drastic reduction in the number of active sites in the MNC still able
to continue to interact with the DNA molecules.
As a whole, the desorption process proved to be simple and fast:
it took about 2 min for all DNA to become desorbed from the Pani/
c-Fe2O3 MNC.3.4. Adsorption isotherm
Isotherm adsorption describes the amount of DNA adsorbed at
the MNC surface as a function of the DNA present in the solution.
We have ﬁtted our data for the SS-DNA adsorption isotherms onFig. 6. Effect of the DNA concentration on the retrieval capacity of the Pani/c-Fe2O3
MNC (4 mg of MNC added to 10 mL of the SS-DNA solution, at pH 3.8).
Fig. 7. DNA desorption process of the Pani/c-Fe2O3 MNC as a function of the pH
(4 mg of MNC added to 10 mL of a 50 mg/L SS-DNA solution).
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models.
The Langmuir isotherm model is valid for a monolayer adsorp-
tion of a species onto a surface containing a ﬁnite number of iden-
tical adsorption sites [27]. It can be expressed in a linear form as
Ce
qe
¼ 1
bqm
þ Ce
qm
ð3Þ
where qe is the amount (in mg) of DNA adsorbed per mass unit (g)
of MNC, Ce is the ﬁnal concentration of DNA (mg/L) in the solution
after that the MNC was completely saturated (i.e. its maximum
adsorption capacity was reached), and b and qm are constants. Phys-
ically, b (given in L/mg) is related to the energy of adsorption, while
qm (given in mg/g) is the maximum adsorption capacity of DNA.
Then, a plot of Ce/qe vs. Ce would give a straight line that intercepts
the Ce/qe – axis in 1/(bqm) and has a slope of 1/qm.
On the other hand the Freundlich isotherm model assumes that
the adsorbent consists of a heterogeneous surface composed of dif-
ferent classes of adsorption sites [28]. In its linearized logarithmic
form the Freundlich equation can be written as
log qe ¼ log KF þ
1
n
log Ce; ð4Þ
where KF and n are constants related to the adsorption capacity and
adsorption intensity, to be graphically obtained from the linear plot
logqe vs. logCe.
The values of the Langmuir and Freundlich adsorption iso-
therms parameters are presented in Table 1, together with the cor-
responding correlation coefﬁcient R2. The results show that the
adsorption of SS-DNA adsorption onto the Pani/c-Fe2O3 MNC is
better described by the Langmuir isothermmodel, which estimates
the maximum adsorption capacity qm as 75.2 mg DNA/g MNC. In
Fig. 8 we present the experimental data for the DNA adsorption
by the MNC and the best ﬁt of them to the Langmuir model.Table 1
Langmuir and Freundlich isotherms parameters for SS-DNA adsorption onto Pani/c-
Fe2O3 MNC.
Langmuir constants Freundlich constants
qm (mg/g) b (L/mg) R2 KF (mg/g) 1/n R2
75.2 6.3 0.98 43.2 0.2 0.743.5. Reusability of the MNC
To obtain a better assessment of how many times the Pani/c-
Fe2O3 MNC could be recycled, we collected the MNC (without
DNA) used in a previous desorption experiment, washed themwith
deionized water and HCl, and then added the MNC to 10 mL of a
fresh 50 mg/L solution of SS-DNA. This process was repeated three
times, and the qm for each cycle of adsorption–desorption was
determined. We observed that the value of qm in the second cycle
was 96.5% of the total value obtained in the ﬁrst cycle and that in
the third cycle a qm of 90% was obtained. Therefore, the Pani/c-
Fe2O3 MNC can be reused successfully after at least three regener-
ation steps, without important losses in its adsorption capacity.
One can easily imagine a simple manner of enriching the DNA con-
tent in an originally very dilute DNA solution, by following several
cycles of capture, magnetic separation and posterior release of DNA
in a smaller recipient.3.6. Interaction mechanism
The MNC/DNA interaction was investigated by zeta potential (f)
measurements, which were performed for the MNC dispersed in
water, the pure DNA solution and the DNA solution after the inter-
action with the MNC. In the case of MNC dissolved in water, we
obtained a f value of 4.2 mV (pH 3.8), while the much more stable
DNA solution had a f value of 54 mV (pH 6). Finally, the f value of
the DNA solution decreased to 3 mV (pH 3.8) after the interaction
had taken place and the magnetic decantation of the MNC had
been implemented. This reduction in the f value implies that when
the DNA chains were captured, there was a decrease in the total
number of negative charges per dissolved particle. This is entirely
consistent with the idea that the interaction mechanism corre-
sponds to the electrostatic attraction between the positive charges
present in the Pani chains of the MNC and the negatively charged
phosphate groups of the DNA molecules.3.7. Comparison of Pani/c-Fe2O3 MNC with other adsorbents
In Table 2 we summarize DNA adsorption and desorption data
from several magnetic adsorbents that have been reported in the
literature, and compared them to the results described in this work
for the interaction between the SS-DNA and the Pani/c-Fe2O3 MNC.Fig. 8. DNA adsorption isotherm onto Pani/c-Fe2O3 MNC of the experimental values
(d) and Langmuir model ( ).
Table 2
Comparison of Pani/c-Fe2O3 MNC with other adsorbents of DNA.
Adsorbent qm (mg/g) Adsorption time (min) % Desorption Desorption time (min) Refs.
Hemoglobin modiﬁed Fe3O4@SiO2 MNC 27.9 15 68.3 15 [38]
Fe3O4/SiO2 microspheres 1.2 10 – – [12]
M-MSN NPs 121.6 1200 89.5 60 [18]
PEI-modiﬁed Fe3O4 magnetic nanobeads 70 1 – – [19]
Fe3O4/SiO2 43.1 8 – – [39]
[C6MIM]-Br/Fe3O4 NPs 19.8 2 96 30 [37]
Fe3O4@PANI microspheres 2.1 40 – 40–60 [36]
Fe3O4@PPy microspheres 2.6
PSG-NH2@Fe3O4@SiO2 17 – 56.3 – [8]
Pani/c-Fe2O3 MNC 75.2 10 94 2 This work
M-MSN:Magnetic mesoporous silica nanoparticles; PEI: Polyethylenimine; [C6MIM]-Br: 1-hexyl-3-methylimidazolium bromide; PSG: poly(styrene-co-glycidyl methacrylate).
J.C. Medina-Llamas et al. / Journal of Colloid and Interface Science 434 (2014) 167–174 173From the data presented in Table 2, one can see that the esti-
mated value of adsorption capacity is signiﬁcantly higher in the
present case (75.2 mg/g) when compared to that of almost all other
adsorbents. The single exception was for the magnetic mesoporous
silica (M-MSN) NPs reported by Li et al. [18], for which the value of
qm is estimated as 121.6 mg/g; however, it takes 1200 min for the
M-MSN to adsorb the maximum amount of DNA, a much longer
time than the 10 min required for the Pani/c-Fe2O3 MNC. Even
the Fe3O4@Pani adsorbent reported by Gai et al. [36] is not as efﬁ-
cient as the one discussed here, since they reported an adsorption
capacity of only 2.1 mg/g after 40 min. Although this difference in
behavior could be due to several contributing factors, we believe
that the size of the adsorbent particles makes an important differ-
ence: they have used particles of micrometric size, and therefore,
in overall, less surface area was available for DNA adsorption. As
for the desorption processes, our MNC release 94% of DNA that
had been captured on their surface in just 2 min. Ghaemi [37]
and Li [18] also reported high percentages of desorption but
requiring higher desorption times (30 min and 60 min, respec-
tively). Moreover, the adsorbents proposed by Chen [38] and Xu
[8] only desorbed 68.3% and 56.3% of their nominal capability,
respectively. Therefore, in balance, we can say that the Pani/c-
Fe2O3 MNC appear as more efﬁcient due to its higher capability
of DNA adsorption and desorption, in load/discharge processes that
demand relatively shorter times than those of other available
adsorbent systems of DNA retrieval.
3.8. Use of Pani/c-Fe2O3 MNC to capture ssDNA
As a complementary test, we examined the effect of varying the
amount of charge in the captured species upon the strength of the
DNA/MNC interaction. For this, we used the Pani/c-Fe2O3 MNC to
adsorb and separate single-stranded DNA (ssDNA) chains (the
76-base oligonucleotide 50-AGG GTT GAC CAG GTA TGA (AAA)19
A-30, MW 21890.6 g/mol, purchased from IDTDNA, Brazil) from
an aqueous solution. At a ﬁxed pH value of 4, we introduced
4 mg of MNC into 10 mL of an 18.75 mg/L of ssDNA aqueous solu-
tion and allowed the MNC/DNA interaction to proceed for 30 min.
The results showed in an unequivocal manner that the Pani/c-
Fe2O3 MNC can indeed be used to separate ssDNA of the solution
(see Supporting Information). Therefore, this MNC can be used
for the retrieval of both ssDNA and dsDNA, although its ﬁnal
adsorption capacity would naturally depend on the size and type
of the target DNA chain.
It is important to stress that there is a large potential for the use
of the Pani/c-Fe2O3 MNC in bioseparation protocols, due to the
peculiar combination of favorable characteristics, such as: (i) nano-
metric size that offers a large surface area per weight to the
adsorption of DNA chains, (ii) their magnetic properties that allow
their easy physical separation from aqueous solutions by the appli-
cation of an external magnetic ﬁeld, (iii) high adsorption capacityin a relatively short time, (iv) almost complete DNA desorption
after a simple and fast procedure, and (v) the possibility of using
the same MNC along several cycles of adsorption–separation–
desorption.
4. Conclusion
We successfully synthesized Pani/c-Fe2O3 MNC presenting
large surface area, superparamagnetic behavior and high magnetic
response. We have shown that these MNC display a high DNA
adsorption capacity and can be used for DNA retrieval. The results
here discussed are consistent with the hypothesis that the
interaction between the MNC and the DNA chains results from
their mutual electrostatic interaction. Furthermore, we showed
that by changing the pH of the solution it was possible to achieve
an almost complete release of the DNA captured by the MNC,
allowing its reuse for subsequent DNA separations. Therefore, the
use of Pani/c-Fe2O3 MNC for magnetic separation of DNA was
shown to be a fast, simple, and non-expensive method for DNA
retrieval.
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